The kinetic and dynamic characteristics of the reaction of H atoms with electronically excited O 2 were studied using the quasiclassical trajectory (QCT) method and the potential energy surface of Li et al. (J. Chem. Phys. 2010, 133, 144306-144314.). The reaction takes place via a deep potential well that can be entered by climbing a barrier in the reactant valley and can be left without a barrier on the product side. In this reaction the basic assumptions of statistical rate theories are not fulfilled: i) 80% of the trajectories cross the barrier region twice and are nonreactive; b) The energy is not equilibrated in the HO 2 potential well. The QCT cross sections agree well with those from the existing exact quantum mechanical data and extend them to vib-rotationally excited reactants. The thermal rate coefficients agree well with measurements of pure reactive quenching of O 2 ( 1 Δ g ) and are 2 lower than those involving both reactive and electronic quenching. The temperature dependence is described as k 2 = 5.81×10 -16 T 1.45 exp(-2270/T) cm 3 molecule -1 s -1 . Based on comparison of the QCT data with the two kinds of experiments we estimate that electronic quenching is faster than reaction by a factor of about 10 at low and 2 at high flame temperatures.
INTRODUCTION
The reaction of H atom with dioxygen has been termed "the single most important" elementary step in combustion 1 . Its importance comes from the fact that it is a chainbranching step, yielding two active species, O atom and OH radical starting from one, the H atom. This is the step that introduces O 2 into the chain of reactions. At high pressures the HO 2 intermediate is collisionally stabilized making the reaction a chain-termination step. Due to its importance, the reaction has been the subject of a large number of studies, both experimental and theoretical. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27 A large body of information is available on the reaction of H atoms with oxygen molecules in the electronic ground state,
Both the kinetics and the dynamics of the reaction, including collisional energy transfer are quite well established. Much less is known about the reaction of singlet molecular oxygen, O 2 ( 1 Δ g ) with H atoms,
This reaction seems also to be feasible in the higher stratosphere and in high-temperature flames. Application of excitation of molecular oxygen to the singlet state was proposed as a way to accelerate combustion already decades ago. 28 Electronically excited oxygen will not necessarily be present in flames even at high temperatures, but it is produced in almost all oxygen-containing plasmas, because the energy needed to excite O 2 ( 3 Σ g -) is relatively low (94.5 kJ/mol) 29 . The radiative lifetime of O 2 ( 1 Δ g ) is relatively long (>3800 s) 30 , so that it can live long enough in flames to perturb the kinetics of combustion if it proves to be reactive enough. It is known that the barrier on the potential energy surfaces of its reactions with closed-shell molecules is high, but it can easily react with open-shell reactants. Both the experiments in which the reaction mixture was directed to pass through an electric discharge and the related combustion modeling studies 31, 32, 33, 34, 35, 36 demonstrated that the concept works:
the flame velocity was found to increase in the presence of electronically excited dioxygen.
Several experimental studies 37, 38, 39, 40, 41, 42 have been reported about the kinetics of the reaction of O 2 ( 1 Δ g ) and hydrogen atoms. Early work 37, 38 Early theoretical studies were based on the assumption that the activation energy of the reaction of singlet molecular oxygen can be derived from that of the reaction of ground-state oxygen from a simple curve-crossing model 43 . This view seems to be oversimplified in the light of the recent calculations of the potential energy surface (PES) of the reaction by highlevel electronic structure methods by Li et al. 44 In Fig. 1 
Expected dynamical behavior based on the properties of the potential energy surface
The investigation of the topology of the potential surface developed by Li et al. 44 , vibrational excitation would not be efficient to increase the chance for the system to enter the HO 2 well. One can also expect that the stripping-type reactions will involve rotational excitation of the product OH because at the favorable direction of approach the O-O-H arrangement is bent. The distribution of the reaction energy among the product degrees of freedom is not easy to predict because it will depend on the time spent in the potential well.
The purpose of the present work is to derive ab initio the thermal rate coefficient for reaction (1) . To this end we extend the range of the initial conditions, in particular, the number of initial rotational states considered as compared with the earlier dynamics calculations. The purpose is include in the thermal averaging the high rotational states of O 2 whose population is significant at flame temperatures. We use the quasiclassical trajectory (QCT) methodology, which -after "calibration" against the existing quantum dynamical data -allows us not only to get the excitation functions needed for rate coefficient calculations, but also provides some insight into the dynamics of reactions on potential surfaces involving a deep potential well with an entrance but no exit barrier.
The rest of the paper is organized as follows: after providing a summary of the methodology, we show the calibration of the QCT method, then present the results on the effect of vibrational and rotational excitation of the reactants on the dynamics of reaction (R2), followed by the product state distributions and the thermal rate coefficients. Then we discuss the results on the microscopic dynamics of the reaction.
METHODS
The quasiclassical trajectory calculations were performed using an extensively modified version of the VENUS code 47 
where b max is the maximum impact parameter, N r is the number of reactive and N the total number of trajectories, v and j denote the initial vibrational and rotational quantum numbers of the reactant molecule and E coll is the relative collision energy of reactants. In the evaluation of trajectories we tested several commonly used techniques, including:
1. QCT: all reactive trajectories included in the calculation 2. QCT-ZP: trajectories producing OH with smaller than 0 vibrational quantum number are discarded without replacement 3. GW-QCT: trajectories are considered with a Gaussian weight depending on the distance of the final classical action variable of the product molecule from the nearest quantum state. 48, 49, 50 We use the standard value of 0.05 for the width of the Gaussian "window."
We also recorded the fate of nonreactive trajectories that entered the potential well by recording if the trajectory entered the region of the configuration space where the energy is below one half of the dissociation energy to O + OH which is at 96.7 kJ/mol below the reactant level. All such trajectories necessarily pass the potential barrier and represent a very conservative estimate of the fraction of trajectories that, after crossing the barrier in the forward direction will cross it again in the reverse direction. Forward-backward symmetry is observed at low collision energies, which is a signature of statistical behavior. At high collision energies dynamical effects, as expected, are found to be more significant: the forward peak increases, indicating the increasing role of stripping trajectories. Vibrational excitation of O 2 has no significant effect on the angular distribution.
RESULTS

A. Validation of QCT calculations
Rotational excitation, on the other hand, leads to a reduction of the forward and backward peaks and an increasing role of sideways scattering. In contrast, no well defined forward and backward peaks can be seen in the angular distributions of nonreactive trajectories that enter the potential well (Fig. S3) . Signs of preferentially backward scattering are visible but sideways scattering is also remarkable which is in agreement with the features of the PES: the barrier in the entrance channel is at a bent arrangement. dynamical results deviate from the statistical distribution (amply discussed in Ref. 45) indicating that the complex does not behave statistically. On the other hand, from the distributions starting from excited rotational states (Fig. S4) , there seems not to be any preference for conserving rotational energy, which is probably the consequence of the significant difference in the moments of inertia of the reactant and product diatomics.
D. Product state distributions
THERMAL RATE COEFFICIENTS
The rotational and vibrational state-resolved reaction rates are calculated from the excitation functions according to Eq. To obtain more reliable thermal rate coefficients, we introduce tunneling correction of the vibrationally and rotationally resolved excitation functions as follows: For the reaction of the vib-rotational ground state of O 2 ( 1 ∆ g ), the EQ excitation function was used at low energies until it first crossed the QCT one. Above that energy the QCT cross sections were used in the rate coefficient calculation. For the description of tunneling at higher j and v, the same fragment of the quantum scattering excitation function was applied in a similar way to modify the classical excitation function (i.e., the same tunneling behavior was assumed for each quantum state). Namely, for the vib-rotational ground-state reaction the EQ excitation function first crosses the QCT one at E coll =32.8 kJ/mol, σ = 0.0335 Å 2 . For excited vibrotational states of O 2 ( 1 ∆ g ), the section of the EQ excitation function between E coll = 22 kJ/mol (the EQ threshold) and 32.8 kJ/mol was shifted along the E coll axis until its right-hand end matched the σ = 0.0335 Å 2 value of the relevant QCT excitation function (Fig. 9) . Below that energy the QCT cross sections were replaced by the EQ ones. This correction is based on the quantum mechanical reactive flux, so below σ = 0.0335 Å 2 it covers all quantum effects including not only underbarrier tunneling but also quantum effects corresponding to barrier recrossing. It should be noted that these contributions cannot be separated.
The tunneling corrected thermal reaction rate coefficient averaged over the Boltzmann distribution of initial rotational and vibrational states is shown in Fig. 10 together with the experimental data (Fig. S5 shows the j-dependent tunneling-corrected rate coefficients). The rate coefficient including the tunneling correction as described above is 1.34×10 40 and by Basevich and Vedeneev 41 include both reactive and nonreactive quenching, then from the ratio of these experimental rate constants (interpolated using the formula derived by Popov) to those derived from the QCT calculations one can estimate that nonreactive quenching is 3 to 12 times faster than the chemical reaction.
It is interesting to note that as long as the conditions in flames ensure thermal equilibrium between ground-state and singlet molecular oxygen, the population of the latter is about 0.1%, 0.6% and 1.9% at 1500, 2000 and 2500 K, respectively. As long as these equilibrium populations hold in shock tubes where the experimental rate coefficients for (R1) were obtained, the measured data contain respectively a 0.5%, 1.9% and 4.7% contribution from (R2). This is much smaller than the experimental error bar, so there is no need to make a correction. It can also be noted that, although at high temperatures the contribution of (R2) to the thermal average rate of (R1) and (R2) increases quickly (it would achieve 30% at 5000 K), it will never be larger than that of (R1) because at high temperatures the latter is also very fast,
DISCUSSION
The potential surface of reaction (R2) has a unique feature: there is a potential barrier in the entrance channel, which is followed by a deep potential well on the way to products. The dynamics of this type of reaction has not been widely studied. A number of interesting questions arise for this combination of PES features such as 1) do Polanyi's rules 46 The unique nature of the potential energy surface of the reaction, namely, a small barrier in the entrance valley followed by a deep potential well makes the dynamics curious. The expectation based on Polanyi's rule that vibrational energy is less effective than translational at inducing reaction is fulfilled: vibrational excitation does not reduce the threshold energy.
Moreover, the vibrational excitation of O 2 is not only not favorable for inducing reaction, but even has an opposite effect: i) above threshold it does slightly reduce the cross sections at the same translational energy even though much larger energy is available for the reactants to cross the barrier and ii) the cross sections significantly decrease when the ratio of vibrational to translational contribution to the same total energy is increased.
After crossing the barrier, for reaction to happen, the system needs to pass the potential well.
Out of the collisions getting into the complex region, 80 % return across the barrier and reproduces the reactants, which means that transition state theory cannot be expected to realistically predict the rate of the reaction. The lifetime distribution of collisions shows that reactive trajectories emerge from the potential well with a delay in contrast to the mostly prompt nonreactive complex-forming ones. The lifetime distribution of long-lived HO 2 complexes is close to exponential at low energies, but the decay rate back to the energetically less favorable reactants through the higher barrier is larger than that of decomposition into products. The complex lifetime varies when the initial energy is provided in different degrees of freedom indicating ineffective energy redistribution. From this one can conclude that statistical theory cannot properly describe the behavior of relatively long-lived complexes either. Interestingly, at low collision energy the product angular distributions are forwardbackward symmetric because most reactive events involve a long-lived complex, which, however, in this reaction does not mean that the complexes behave statistically. 13.00 299-423 42
FIGURE CAPTIONS
Figure 1
The energies (in kJ/mol) of the stationary points of the potential energy surfaces of reactions (R1) (blue) and (R2) (red). Lifetime distribution of complex-forming reactive (closed symbols) and nonreactive collisions in reaction (R2) at various collision energies and reactant quantum states.
Figure 13
Lifetime distribution of complex-forming reactive (closed symbols) and nonreactive collisions in reaction (R2) when the same amount of energy is provided in the translational, vibrational and rotational degrees of freedom, respectively.
Figure 1
The energies (in kJ/mol) of the stationary points of the potential energy surfaces of reactions (R1) (blue) and (R2) (red). Figure 13 Lifetime distribution of complex-forming reactive (closed symbols) and nonreactive collisions in reaction (R2) when the same amount of energy is provided in the translational, vibrational and rotational degrees of freedom, respectively.
